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 1 .  Introduction 
 The ability to process photovoltaic devices 
using solution-based techniques is an 
attractive proposition [ 1,2 ] owing to the 
potential for such devices to be manu-
factured over large areas at low cost. [ 3 ] 
Organic photovoltaic (OPV) devices are 
one category of solution processable pho-
tovoltaics that have seen a rapid rise in 
power conversion effi ciency (PCE) [ 4,5 ] 
and operating lifetime [ 6 ] in recent years, 
bringing the technology closer to the 
specifi cations deemed necessary for 
commercial viability. [ 7,8 ] The photoac-
tive semiconducting layer within these 
devices is typically composed of a blend 
of a conjugated polymer and a function-
alised fullerene, forming a self-assembled 
bulk-heterojunction (BHJ) architecture. 
In addition to the electronic properties 
of the constituent semiconductors, the 
structure of the BHJ has been demon-
strated to signifi cantly infl uence the effi -
ciency of photocurrent generation. [ 9–12 ] It 
is presently believed that BHJ fi lms are characterised by a par-
tially phase separated nanoscale morphology, with co-existing 
regions of pure polymer, pure fullerene and a mixed polymer/
fullerene phase all being present. [ 13–16 ] Effi cient OPVs are in 
general characterised by structures that exist over a series of 
length-scales, including organisation at molecular length-scales 
and the formation of nanoscale percolated networks, with each 
length-scale having an important infl uence on the processes 
of photocurrent generation and charge extraction. To optimise 
BHJ morphology and create an OPV device having a high PCE 
requires control over many different parameters, including the 
choice of solvent, the conditions of fi lm casting and the pos-
sible application of post-fi lm deposition techniques. 
 Several studies [ 17–25 ] have applied a range of techniques 
to probe the formation and evolution of morphology in 
polymer:fullerene blend fi lms during various stages in their 
preparation, drying and post processing in order to gain insight 
into the dynamic mechanisms that drive morphology evolu-
tion. [ 26 ] In addition to an improved physical understanding 
of such processes, the information obtained is likely to be of 
signifi cant importance if such materials and devices undergo 
commercialisation and manufacture, as real-time process 
control will be a critical requirement. To date, the majority of 
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dynamics of a number of other amorphous polymer:fullerene 
blends to determine any generality in the aggregation of 
PC 70 BM during the fi lm formation process. Our measurements 
show that in the samples studied, fi lm drying is dominated by 
the initial coalescence of PC 70 BM molecules that leads to the 
formation of nanoscale aggregates. For the PCDTBT blend, an 
apparent delay in Bragg scatter from the PCDTBT-rich phase 
of the fi lm suggests that PC 70 BM aggregation occurs before 
ordering of the polymer-rich phase of the fi lm. 
 2 .  Results and Discussion 
 The combination of GIWAXS and SE permits the degree of 
molecular order within a polymer:fullerene fi lm, its thickness 
and its complete refractive index to be determined simulta-
neously as it dries. In particular, modelling of the SE data at 
wavelengths below the optical band-gap of the blend fi lm is a 
powerful technique to determine fi lm thickness. We can use 
this data to extract the relative composition of the fi lm (i.e. its 
solid concentration) as solvent evaporates from the solution 
and the fi lm proceeds towards a dry state. Our experimental 
methods are described in detail in our earlier work. [ 24 ] Briefl y 
however, a bar-coater housed within a sample environment 
chamber is placed in the path of an X-ray beam, with the beam 
directed at grazing incidence to the centre of the sample sub-
strate. An ellipsometer is placed so that light from the instru-
ment illuminates the centre of the sample substrate and 
overlaps with part of the fi lm that is probed by the X-ray beam. 
This setup is shown schematically in  Figure  1 . Blend solutions 
were dispensed using a syringe pump, and then cast across the 
sample substrate using the bar coater. The start of the solu-
tion delivery acts as a trigger for simultaneous acquisition of 
GIWAXS and SE data, which are recorded as the fi lm dries. 
 2.1 .  Drying Dynamics of PCDTBT:PC 70 BM 
 We fi rst discuss the development of structure in blend fi lms 
of PCDTBT:PC 70 BM (1:4 wt%) cast from 1,2-dichlorobenzene 
(DCB). In  Figure  2 (a), we present the thickness evolution of 
the fi lm recorded during the drying process. 
The solid content of the fi lm, as calculated 
from the ratio of the fi lm thickness to the 
dry fi lm thickness, is shown in Figure  2 (b). 
For the majority of the drying time, the 
drying rate is constant and likely corre-
sponds to the unimpeded evaporation of sol-
vent molecules. [ 22,24 ] An abrupt reduction in 
solvent loss rate is found to occur at 225 s, 
corresponding to a solid concentration of 
approximately 90 wt%. This process is then 
followed by a relatively slow convergence to a 
dry fi lm. We note that the sharp reduction in 
solvent loss rate determined here occurs at a 
much higher solid concentration than occurs 
in blends of P3HT:PCBM, ( ∼ 50%) in which 
effi cient photocurrent generation is maxim-
ised at a P3HT:PCBM fi lm composition of 
1:0.8 wt%. [ 24 ] Variations in the solid solubility 
such studies have addressed semi-crystalline polymer:fullerene 
blends and have observed a multi-step process of fi lm forma-
tion toward a bulk-heterojunction morphology. These studies 
have provided insight to the underlying physical mechanism 
for phase separation in polymer:fullerene BHJ blends, with 
several reports of polymer crystallisation providing the domi-
nant driving force for morphology formation rather than 
spinodal decomposition. [ 18,22,27–30 ] Whether crystallisation of 
either the polymer or fullerene component drives morphology 
formation however remains a topic of active research. Phase 
separation via crystallisation is likely to be triggered by either 
the polymer or fullerene depending on the following factors: 
the relative crystallinity of each material, their relative composi-
tion in a blend and the casting solvent used (including whether 
additives are used). The intentional pre-aggregation of either 
polymer or fullerene in solution will also have a signifi cant 
infl uence on the kinetics of fi lm formation. In polymer:fullerene 
blend fi lms subject to thermal annealing or solvent vapour 
annealing, phase separation in initially well-mixed fi lms can 
be initiated by the crystallisation of either polymer or fullerene. 
In these instances the exact composition of the fi lm, [ 19 ] the 
annealing temperature (for thermal annealing) and choice of 
solvent vapour (for solvent annealing) [ 25 ] will all play an impor-
tant role in the modifcation of fi lm morphology. All these fac-
tors highlight the large and complex ‘parameter-space’ that 
exists in relation to morphology formation and evolution in 
polymer:fullerene blend thin-fi lms. [ 26,27 ] 
 In this work, we investigate fi lm structure formation in a 
predominantly amorphous polymer:fullerene blend fi lm during 
solution casting. Structure formation is determined simultane-
ously using the complimentary techniques of grazing-incidence 
wide-angle X-ray scattering (GIWAXS) and spectroscopic ellip-
sometry (SE). We focus on a blend of the polymer poly[ N -9′-
heptadecanyl-2,7-carbazole- alt -5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT) with the functionalised fullerene 
[6,6]-phenyl-C71-butyric acid methyl ester (PC 70 BM). When 
processed into an OPV device, a PCDTBT:PC 70 BM blend has 
been shown to exhibit high power conversion effi ciencies and 
internal quantum effi ciencies [ 31 ] and promising operational sta-
bility. [ 6 ] For comparative purposes, we also explore the drying 
 Figure 1.  Schematic illustration of the experimental setup with principle components identifi ed. 
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 In  Figure  4 (a) we plot radial line profi les from each GIWAXS 
measurement as a function of time. This permits the evo-
lution of a fi lm dominated by solvent-scatter to that of solid-
dominated scatter during the fi lm drying process to be detailed. 
Specifi cally, the transition from solvent to fullerene dominated 
X-ray scatter is evidenced by a gradual transition from a scat-
tering peak located at 1.15 Å −1 (a signal dominated by solvent 
scatter) to a peak at 1.34 Å −1 (corresponding to aggregated 
PC 70 BM). For completeness, we have also recorded the evo-
lution in X-ray scatter from a pure PCDTBT fi lm during the 
casting process, as shown in Figure  4 (b). Here we fi nd no 
shift in the position of the solvent scattering rings during the 
drying process. Clearly the peak Q-value of the scattering fea-
ture that apparently moves across the Q range 1.1 – 1.4 Å −1 in 
the polymer:fullerene blend is determined by the relative con-
tribution of scattering from both the solvent and PC 70 BM to 
the overall signal. We believe therefore that the shift in Q-value 
of this composite X-ray scattering feature refl ects a relative 
increase in the population of nanoscale PC 70 BM aggregates 
within the drying fi lm; a process mediated by the evaporation 
of solvent molecules. Once the fi lm is dry, the broad nature of 
the PC 70 BM scattering rings indicates that the degree of long-
range order in the PC 70 BM phases of the blend fi lm is relatively 
low. This most likely results from strong polymer-fullerene 
molecular interactions that inhibit bulk crystallisation of the 
fullerene. We can calculate the molecular coherence length  L of 
the PC 70 BM-rich phase of the blend fi lm using the expression 
 L = 2 π / Δ , where  Δ corresponds to the full-width at half-max-
imum (FWHM) of the Bragg scattering peak. Using this 
approach we determine a coherence length for the PC 70 BM 
scattering feature at Q = 1.34 Å −1 of  L = 21.0 ± 1.0 Å. 
 To determine the onset time at which PC 70 BM aggregates 
develop, it is necessary to decompose each scattering pattern 
into a series of peaks that can be used to quantify the relative 
contribution of both solvent and solid X-ray scatter, in addition 
to any contribution from the background (see the Experimental 
Section for details). In this analysis, we do not permit the posi-
tions or widths of the peaks to vary; an assumption we believe 
justifable owing to the amorphous nature of the sample and 
apparent absence of long-range order in the dry fi lm, as deter-
mined by the coherence length calculation. 
 In Figure  4 (c), we plot the peak intensities of the two sol-
vent peaks (centred at Q = 1.15 Å −1 and Q = 1.81 Å −1 ) and the 
dominant PC 70 BM peak (centred at Q = 1.34 Å −1 ). An example 
of the deconvolution of an X-ray scattering profi le into its dif-
ferent components is shown in the Supporting Information, 
Figure S1. For simplicity, the evolution of the relatively low scat-
tering intensity PC 70 BM peak at Q = 1.94 Å −1 is omitted from 
our discussion. In Figure  4 (c), it can be seen that the fi rst 50s 
of fi lm formation is characterised by a relatively gradual reduc-
tion in X-ray scatter from the solvent; a result consistent with 
the reduction in fi lm thickness as determined by SE. Over this 
timescale no signifi cant change in X-ray scatter from PC 70 BM 
is found. Beyond approximately 50 s however, it can be seen 
that the intensity of the PC 70 BM X-ray scattering peak under-
goes a relative increase, a process that continues in an approxi-
mately linear fashion until 240 s into the fi lm drying process. 
This intermediate time period is also characterised by a pro-
gressively faster reduction in the intensity of X-ray scatter from 
in the casting solvent, or in the relative ability of the blend to 
‘trap’ solvent during fi lm casting, may provide an explanation 
for this difference. 
 To develop our understanding of morphology formation, we 
have used GIWAXS to study the evolution in fi lm structure at 
a molecular level during fi lm casting. Such measurements were 
performed simultaneously with the SE data that is presented in 
Figure  2 . In  Figure  3 we present 2D X-ray scattering patterns 
recorded at four distinct stages during the drying process along-
side the relative solid content in the fi lm at that time, as inferred 
from SE. Initially, the dominant source of X-ray scatter (at Q = 
1.15 and 1.82 Å −1 ) is from DCB solvent molecules. [ 22,32 ] As the 
solvent content reduces, the relative intensity of these diffuse sol-
vent scattering rings decreases. At approximately 230 s into the 
fi lm drying process (corresponding to the point where the rela-
tive solid content of the fi lm has substantially increased), X-ray 
scatter from PCDTBT and PC 70 BM begins to dominate (see 
Figure  3 (c)). In the fi nal image, (Figure  3 (d)) the fi lm is con-
sidered to be essentially dry and Bragg scatter comes primarily 
from PC 70 BM, as indicated by the relatively broad and intense 
ring at Q = 1.34 Å −1 . The presence of a broad symmetric ring 
at this Q-value indicates a random orientation of small fullerene 
domains within the fi lm. [ 33 ] 
 Figure 2.  Evolution in fi lm thickness (a) and solid concentration (b) of 
a PCDTBT:PC 70 BM 1:4 wt% blend during solution casting. Solid concen-
tration is determined from the thickness of the fi lm relative to the fi nal 
fi lm thickness. 
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 Figure 3.  2D GIWAXS images of a PCDTBT:PC 70 BM 1:4 wt% blend during solution casting: In each frame (a–d) the approximate solid concentrations 
taken from the SE measurement is shown. 
 Figure 4.  (a) Radial line profi les of the X-ray scattering intensity obtained from each 2D GIWAXS image over the course of solution casting. 
Part (b) shows X-ray scattering profi les of a pure PCDTBT fi lm after solution casting. In both fi gures the arrows indicate the direction of increasing time. 
Black and red lines correspond to the initial and fi nal scattering patterns respectively. In part (c) the peak height of each function used to describe the 
contribution of X-ray scatter from both solvent and PC 70 BM (peak at Q =1.34 Å −1 only) to the overall X-ray scattering profi le is presented as a function 
of time. Data presented in red corresponds to the dynamics of solvent X-ray scatter at Q =1.81 Å −1 and data presented in black corresponds to the 
dynamics of solvent X-ray scatter at Q = 1.15 Å −1 . In part (d), the evolution in X-ray scatter corresponding to aggregated PC 70 BM (Q = 1.34 Å −1 ) is 
shown alongside the solid content evolution of the drying fi lm, as determined by SE. 
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 From Figure  4 (a) it is apparent that X-ray scatter from 
PC 70 BM molecules is already relatively pronounced by the time 
at which X-ray scatter from the PCDTBT-rich phase of the fi lm is 
fi rst resolved. This is clarifi ed in  Figure  5 , where we detail X-ray 
scatter over the Q-range 0.1–0.45 Å −1 from the sample over the 
time range 180–300 s after solution casting. Here, it can be seen 
that the transition towards a resolvable X-ray scattering feature 
above the measured background only occurs after 220 s. The 
delayed onset time for X-ray scatter from PCDTBT, compared 
to X-ray scattering from PC 70 BM (See Figure  4 (c)) suggests that 
ordering of the polymer and fullerene start at different times, 
with weak ordering between polymer chains only occurring 
towards the end of the drying process and signifi cantly later 
than the onset of fullerene aggregation. We speculate therefore 
that regions rich in PCDTBT may arrange themselves around 
fullerene aggregates that have previously formed in solution; 
a process that we illustrate schematically in  Figure  6 . This 
solvent within the fi lm. Beyond 240 s no discernable changes 
in the intensity of X-ray scattering from any feature is observed. 
 In Figure  4 (d) we compare the time-dependent change in 
PC 70 BM scattering intensity with changes in fi lm solid concen-
tration derived from SE measurements. From this comparison 
a signifi cant difference in dynamics in the increase of PC 70 BM 
X-ray scatter and the increase in fi lm solid concentration can 
be seen. Specifi cally, by comparing the onset time for fullerene 
aggregation ( ∼ 50 s) with the evolution in fi lm solid concentration 
we conclude that the fullerene component of the fi lm starts to 
aggregate when the blend solid concentration reaches approxi-
mately 3 ± 2 wt%; a value far below the threshold concentration 
at which there is a signifi cant reduction in the solvent loss rate. 
This value has been conservatively estimated from the data by 
identifying the point at which the X-ray scattering intensity from 
PC 70 BM starts to increase. We note that a study of the drying 
dynamics of P3HT:PCBM by Schmidt-Hansberg et al. estimated 
the solubility of PCBM in DCB solvent to be 3 wt% at 25 °C. [ 22 ] It 
appears therefore that once the solubility limit of PC 70 BM in DCB 
has been reached, the fi lm undergoes a progressive transition 
from a casting solution containing well-dissolved solids to one 
in which the solid content begins to precipitate. At around 240 s 
(corresponding to a fi lm solid concentration of 94 wt%), the rate 
of change in fi lm composition and morphology slows, with the 
structures formed rapidly approaching their fi nal conformation. 
 We now discuss the formation of the PCDTBT rich phase 
in the blend fi lm during casting. Typically, as-cast fi lms of 
PCDTBT are relatively amorphous, having a characteristic 
lamella spacing of approximately 20.9 Å and a  π – π stacking dis-
tance of approximately 4.4 Å. [ 34–36 ] In Figure  4 (a) it can be seen 
that a broad peak centred at Q = 0.32 Å −1 ( d = 19.6 Å) is present 
in the X-ray scattering pattern corresponding to the dry fi lm. 
Note that in the out-of-plane direction, this feature is found to 
coincide with an X-ray fl are above the beamstop. We identify 
scattering at this Q value as originating from PCDTBT, specifi -
cally fi rst order scattering between neighbouring chains along 
the lamella direction. [ 34–36 ] Here, the weak signal intensity 
refl ects both the semi-amorphous nature of the polymer and its 
low concentration (20 wt%) in the blend fi lm. 
 Figure 5.  Radial line profi les of X-ray scatter at relatively low Q presented 
as a function of time, highlighting the onset of weak X-ray scatter from 
PCDTBT. Values in parentheses correspond to the average solid concen-
tration of the fi lm over the intergration time of each X-ray measurement. 
 Figure 6.  Proposed model of fi lm formation for a PCDTBT:PC 70 BM 1:4 wt% blend during solution casting. We highlight the three key stages in the pro-
cess determined by our measurements. At early times (a), the fi lm contains a high solvent fraction and its components (polymer and fullerene molecules) 
undergo very little self-interaction. As the solid concentration reaches approximately 3% (b), the solubility limit of PC 70 BM is reached; a process which 
initiates its precipitation from solution and thus aggregation. In the fi nal stage of fi lm drying (c), the PCDTBT polymer undergoes weak lamella ordering. 
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spectrum for the P3HT:PC 70 BM blend fi lm (obtained from SE 
measurements), which does not evidence any vibronic structure 
typical of semi-crystalline P3HT (See Supporting Information). 
These results are consistent with earlier work on P3HT:PCBM 
blend fi lms that have shown the ability of fullerene molecules to 
behaviour appears to be different from the drying kinetics of 
semi-crystalline polymer:fullerene blend fi lms having a compo-
sition optimised for OPV device operation (e.g. P3HT:PCBM). 
In such systems, the fullerene concentration is typically lower 
than that of the polymer, with ordering in the polymer phase of 
the fi lm occuring before fullerene aggregation. [ 22 ] It is impor-
tant to acknowledge however that by characterising the forma-
tion of fi lm nanostucture via GIWAXS, we are unable to quan-
tify the exact distribution of PC 70 BM molecules between pure 
and mixed phases. We note that alternative techniques, such as 
neutron refl ectivity [ 37 ] and resonant soft X-ray scattering, [ 38 ] are 
better suited for this task as they can generate a larger contrast 
variation between the polymer and fullerene components. 
 2.2 .  Drying Dynamics of PCDTBT-8, MEH-PPV, and 
P3HT:PC 70 BM Blends 
 To determine whether the process of fullerene aggregation 
in a PCDTBT:PC 70 BM blend displays any general behaviour, 
we now discuss the drying kinetics of a range of different 
polymer:fullerene blend fi lms, in which each blend is composed 
of the same high weight concentration (80 wt%) of PC 70 BM. 
This is plotted in  Figure  7 , where we show the evolution in X-ray 
scatter from PCDTBT-8:PC 70 BM, [ 39 ] MEH-PPV:PC 70 BM and 
P3HT:PC 70 BM blend fi lms during solution casting, following 
peak decomposition analysis of the data. We note that thin-fi lm 
blends of PCDTBT-8:PC 70 BM and MEH-PPV:PC 70 BM display 
the highest photovoltaic effi ciency in OPV devices when the 
active layer composition is approximately 1:4 wt%, [ 39,40 ] a value 
similar to that of a blend of PCDTBT:PC 70 BM. In contrast, the 
inclusion of a P3HT:PC 70 BM blend fi lm presents an opportu-
nity to compare a blend fi lm in which the solubility of PC 70 BM 
in the polymer is lower than that of PCDTBT:PC 70 BM. [ 37,41,42 ] 
 In Figure  7 , it can be seen that the evolution in X-ray scat-
tering intensity in each sample for both solvent and PC 70 BM 
are broadly similar to the dynamics of PCDTBT:PC 70 BM; 
specifi cially an increase in scattering intensity from PC 70 BM 
aggregates is delayed with respect to the initial casting of the 
fi lm. Note, the exact time for the onset of rapid increase in the 
solid concentration of the PCDTBT-8:PC 70 BM fi lm appears to 
occur at an earlier time after fi lm casting than is observed in 
all the other blends studied. We do not believe this represents a 
systematic difference in the behaviour of this particular blend. 
Rather, it is likely to result from the fact that the fi lm cast in 
this experiment was slightly thinner than those cast in our 
other measurements. This difference most probably arose from 
variations in the bar-coating process. 
 In Figure  7 (c) we present the X-ray drying kinetics of a thin-
fi lm blend of P3HT:PC 70 BM. Although P3HT is a semi-crystal-
line polymer, its drying dynamics in a blend fi lm containing a 
high wt% of PC 70 BM are nevertheless qualitatively similar to the 
other amorphous polymers:PC 70 BM blends. Note, we do not evi-
dence a signifi cant degree of order within the polymer phase of 
the fi lm; GIWAXS scatter from the fully dry fi lm is comparable 
to a blend fi lm of RRa-P3HT:PC 70 BM with identical fi lm com-
position (See Supporting Information), suggesting the polymer 
rich phase of the P3HT blend fi lm is largely amorphous. This 
is supported by modelling of the optical extinction coeffi cient 
 Figure 7.  Evolution in X-ray scattering intensity from the casting solvent 
and aggregated PC 70 BM (peak at Q = 1.34 Å −1 only) for blend fi lms of 
(a) PCDTBT-8:PC 70 BM, (b) MEH-PPV:PC 70 BM, (c) RR-P3HT:PC 70 BM. The 
fullerene composition for each blend is 80 wt%. Data presented in red 
corresponds to the dynamics of solvent X-ray scatter at Q =1.81 Å −1 and 
data presented in black corresponds to the dynamics of solvent X-ray 
scatter at Q = 1.15 Å −1 . 
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aggregated PC 70 BM against the solid concentration in the fi lm 
as determined from SE. Data is again plotted for the three dif-
ferent polymer:PC 70 BM blends introduced earlier. 
 It can be seen that the early-time kinetics of PC 70 BM X-ray 
scattering intensity is characteristically similar to the drying 
dynamics of PCDTBT:PC 70 BM. The total solid concentration 
within each sample, beyond which PC 70 BM is believed to pre-
cipitate from solution, is estimated as 5 ± 2 wt%, 5 ± 2 wt% 
and 6 ± 2 wt% for the PCDTBT-8, MEH-PPV and P3HT blend 
fi lms respectively. The solid concentration corresponding to the 
onset of the ‘plateau’ region of maximum PC 70 BM X-ray scat-
tering intensity is 94 wt%, 92 wt% and 98% for the PCDTBT-8, 
MEH-PPV and P3HT blend fi lms respectively. Note however 
that the rate of change in X-ray scattering intensity from aggre-
gated PC 70 BM in each of these systems is different to that of 
the PCDTBT:PC 70 BM blend. We speculate that differences in 
polymer-fullerene molecular interactions that determine the 
nanoscale morphology in each blend may account for such 
variation. 
 3 .  Conclusions 
 Using a combination of GIWAXS and SE, the formation of 
structure in solution cast fi lms of PCDTBT:PC 70 BM (1:4 wt%) 
has been investigated with a number of stages identifi ed. We 
fi nd that coalescence of fullerene molecules occurs in solu-
tion once the solubility limit of PC 70 BM in the casting solvent 
is reached (here determined as 3 ± 2 wt%). The subsequent 
growth in the intensity of X-ray scatter from fullerene aggre-
gates within the fi lm occurs in a linear manner until the fi lm is 
almost dry. A delay in X-ray scatter associated with the polymer 
rich phase of the blend suggests that weak ordering of the 
fullerene component precedes ordering within the PCDTBT-
rich phase of the fi lm. This behaviour is distinctly different 
to the dynamics of semi-crystalline polymer:fullerene blend 
fi lms that have been optimised for OPV application, where the 
fullerene concentration is generally lower. For these systems, 
previous work has shown that ordering in the polymer phase 
occurs fi rst. We have also monitored the drying dynamics of 
a range of amorphous polymer:PC 70 BM blends, each con-
taining a relatively high concentration of fullerene and have 
identifi ed in each case a similar threshold solid concentration 
beyond which fullerene aggregation occurs (between (5 ± 2) 
& (6 ± 2) wt%). It appears therefore that the drying dynamics 
in amorphous conjugated polymer:fullerene fi lms containing 
a high weight fraction (80 wt%) of fullerenes show very sim-
ilar behaviour, which appears largely independent of the exact 
structure of the polymer. This apparent generality most likely 
results from the fact that the concentration of the polymer pre-
sent in the fi lms studied is relatively low (20 wt%). At higher 
polymer concentrations, variations in fi lm drying dynamics will 
be dependent on the nature of the polymer – for example in 
its ability to self-organise and trap solvent. Our observations 
thus provide partial insight into the development of structure 
in technologically relevant polymer:fullerene blends that con-
tain a high fullerene loading and potentially assist the future 
optimisation and understanding of structure formation in this 
category of materials. 
disrupt polymer crystallisation when present at suffi ciently high 
weight concentration within the blend fi lm. [ 43 ] 
 To rationalise the changes in X-ray scattering intensity 
from PC 70 BM molecules after the onset of coalescence, we 
again compare the dynamics of fi lm drying as observed using 
GIWAXS with simultaneous SE measurements. This is shown 
in  Figure  8 , where we plot the intensity of X-ray scattering from 
 Figure 8.  Comparison between the evolution of X-ray scattering from 
aggregated PC 70 BM and fi lm solid concentration (determined from 
SE measurements) during solution casting. (a) PCDTBT-8:PC 70 BM, 
(b) MEH-PPV:PC 70 BM, (c) P3HT:PC 70 BM. The fullerene composition for 
each blend is 80 wt%. 
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 4 .  Experimental Section 
 Materials and Solution Preparation : PCDTBT (M w 36 700, M n 
17 000) and PCDTBT-8 (M w 34 800, M n 14 700) were synthesised 
according to previously reported methods. [ 31 ] 9 Regio-random 
P3HT and MEH-PPV were purchased from Sigma Aldrich (Product 
Numbers 510823 and 541443 respectively). Regio-regular P3HT 
(Rieke 4002-E) and PC 70 BM (95% purity) were purchased from Ossila 
Ltd. All materials were used as received. All blends were prepared in 
1,2-dichlorobenzene solvent at a total solid concentration of 4 mg/
ml. Solutions were held at 70 °C for 18 h before use to encourage full 
dissolution of the solid content. 
 Sample Preparation : Thin-fi lms were cast using a bar-coating 
technique, where a wire-bound bar was translated across the surface of 
silicon/native oxide substrate after the solution was dispensed in front 
of the bar using a syringe pump. The initial thickness of the wet fi lm 
is nominally 4  μ m. Typically, 40  μ L of polymer:PC 70 BM solution was 
dispensed for fi lm casting with the bar moving across the substrate at 
a speed of 20 mm/s. Once cast, the fi lm was permitted to dry at room 
temperature; a process that took around 300 s. 
 In-situ Measurements : Ellipsometry measurements were performed 
using a spectroscopic ellipsometer (M2000v, J.A. Woollam Co., USA) 
with an incidence angle set to 70° from vertical. Dynamic data were 
recorded every 2.4 s. For data analysis, the polymer:PC 70 BM blends were 
regarded as a homogeneous layer with fi lm thickness modelled using a 
Cauchy model over the wavelength range 750 to 1000 nm. [ 24 ] 
 Two-dimensional grazing-incidence wide-angle X-ray scattering 
measurements (GIWAXS) were carried out at the I22 beam-station at 
the Diamond Light Source (Didcot, UK). Here, a 14 keV energy X-ray 
beam was incident on the sample surface at a grazing incidence angle 
of 0.16°. Data was recorded with an integration time of 10 s with zero 
delay between each frame. The sample chamber contained a slight 
overpressure of helium gas to reduce background X-ray scatter. Data 
was calibrated using silver behenate and 1D scattering profi les were 
obtained using the DAWN software package (http://www.dawnsci.org). 
Radial line profi les were calculated over a 20° angular range centred at 
60° away from the sample normal. To determine the kinetics of fullerene 
aggregation in each system, each solvent and PC 70 BM scattering 
feature was modeled using a single Gaussian peak. The fi rst scattering 
pattern in each time series was used to characterise the positions and 
widths of the two functions corresponding to solvent scatter. Similarly, 
the fi nal scattering pattern in each time series were used to characterise 
the two functions corresponding to PC 70 BM scatter. Only the intensity 
of each Gaussian peak was permitted to vary in the decomposition of 
each scattering pattern. For each sample, a sum of two exponential 
functions were used to characterise background X-ray scatter. [ 38 ] The 
quality of each fi t (quantifed by a R 2 analysis) was above 0.98 for all 
datasets. 
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